Abstract
INTRODUCTION

I
n transgenic plant technology, the number of transgenic shoots and plants obtained should be high enough so that gene transfer studies can be deemed successful. As well as gene transfer to plants via A. Tumefacines, transgenic plant technology has superior advantages in comparison to other gene transfer methods, but also some restrictions. The most important of these is the host restriction. While gene transfer can easily be conducted to species such as tobacco, potatoes and eggplant that belong to the Solanaceae family, it is very difficult for gramineae, leguminous plants and tree species. Gene transfer to these plants via A. tumefaciens takes place at extremely low frequencies, and the plant regeneration from the cells to which the genes have been transferred also takes place at extremely low rates. Therefore, labor-and time-intensive efforts have been made to obtain transgenic plants for many plant spe-cies. For this reason, finding new methods that will increase the frequency of gene transfer in plants will facilitate the acquisition of transgenic plants, ensuring easier transfer of isolated genes to plants.
For plant species in which it is difficult to perform gene transfer via Agrobacterium tumefaciens, different practices can be carried out to increase the transformation frequency. Some of these routine practices include modifiying bacterial density and inoculation conditions, the optimization of co-cultivation periods and the use of different plant organs and cells. In addition to these practices, the addition of plant phenolic compounds such as acetosyringone to inoculate and co-cultivated mediums can significantly increase gene transfer in some plant species (1, 2) . Phenolic compounds, secreted from injured plant cells, stimulate virulence genes located on the Ti plasmid in A. tumefaciens, and the enzymes that have been encoded by stimulated virulence genes carry out the T-DNA transfer from bacteria to plant cells.
In this study, the aim was to investigate the influence of the position where the explant was taken from in gene transfer via Agrobacterium tumefaciens-mediated transformation in flax (Linum usitatissimum L.). To the best of our knowledge, no such study has been carried out on flax before.
MATERIAL AND METHOD
Plant Material
Flax cultivar 'Madaras', supplied by Crop Science Laboratories (North Dakota, USA) was used as the plant material in this study.
Explant Material
Three different hypocotyl explants, each 0.5 cm long, were investigated based on the position where the explants were excised from. The hypocotyl section of the 7-day-old flax seedlings was divided into 3 regions labeled number 1 (part above the root), number 2 (part above number 1) and number 3 (part below the cotyledon leaves) (Figure 1 ).
Seed Surface Sterilization
Seeds were surface sterilized by continuously stirring in 40% commercial bleach -containing 5% sodium hypochlorite -at 10°C for 10 minutes and then washed three times with sterile water at the same temperature(3). Sterilized seeds were germinated in magenta vessels containing Murashige and Skoog (MS) growth medium, 3% sucrose and solidified with 0.7% agar.
Culture Conditions
A growth medium (MS) containing MS mineral salts and vitamins (4), 3% sucrose and 0.7% agar (Type A) was used. Distilled water was used in the medium preparation; hypocotyl explants were cultured in the MS medium containing 1 mg L −1 of BAP and 0.02 mg L −1 of NAA for regeneration. After the pH of the medium was adjusted to 5.8 using 1 N of NaOH or 1 N of HCl, it was sterilized by keeping it at an atmospheric pressure of 1.2 at 120°C for 20 minutes. All cultures were incubated at 24 ± 1°C under a photoperiod of 16 hours of light and 8 hours of darkness using white fluorescent light of intensity 27 μmol m −2 s −1
.
Agrobacterium tumefaciens strain
The Agrobacterium tumefaciens strain, GV2260, harboring plasmid p35S GUS-INT was used for inoculation. The binary plasmid p35S GUS-INT contains neomycin phosphotransferase II (npt-II) gene under control of nopathase (NOS) promoter and b-glucuronidase (GUS) gene controlled by cauliflower mosaic virus (CaMV35S) promoter. Agrobacterium tumefaciens strain GV2260 was taken from glycerol stocks stored at -86°C, and was grown overnight at 28°C in a rotary shaker (180 rpm) (OD 600nm = 0.6) in the liquid NB (Nutrient Broth) medium containing 50 mg L -1 kanamycin and 50 mg L -1 rifampicin in 50 mL sterile falcon tubes. Then, 100 μL of this culture was added to 10 mL NB having antibiotics and incubated overnight at 28°C in a rotary shaker (180 rpm) (OD 600nm = 0.6). Samples were taken from the bacterial cultures grown by using a loop, and were then spread over solid NA (Nutrient Agar) medium and left to grow for 2 days at 28°C. The bacterial cultures developed in solid nutrient medium were stored at + 4°C for 2 months and used as required. The samples taken from bacterial cultures and used for gene transfer were put in the liquid NB medium containing only selective antibiotics in 50 ml sterile falcon tubes, and were then used for gene transfer by re-growing overnight at 28°C in a shaking incubator. All bacterial . Seven-day-old sterile seedlings having cotyledon leaves and no root system were dried with an air flow in a sterile cabin for 35 minutes in order to enable the seedlings to rapidly take in the bacterial solution towards the inner cells by employing the increased osmotic pressure of seedlings at the stage of inoculation, and, in this way, increase the number of cells inoculated and consequently increase the transformation efficiency as reported by Beyaz et al. (5) . Then, the cut edges of the hypocotyl segment of the seedlings were immersed in liquid regeneration medium with 1 mg L −1 of BAP and 0.02 mg L −1 of NAA for 20 minutes with 500 μL of bacterial solution for inoculation.
Co-cultivation and selection
The inoculated seedlings were divided into 3 parts labeled with number 1 (part above the root), number 2 (part above number 1) and number 3 (part below cotyledon leaves) and these parts were left to co-cultivation in MS medium containing 1 mg L -1 BAP and 0.02 mg L -1
NAA for 2 days.
The explants, taken from co-cultivation, were placed in MS medium containing 1 mg L -1 BAP and 0.02 mg L -1 NAA, 100 mg L -1 kanamycin, 500 L -1 duocid, and then they were cultured for 4 weeks.
Genomic DNA extraction
Genomic DNA was isolated from leaves of putative transgenic plants and from control (non-transformed) plants by the modification of the protocol described by Dellaporta et al. (6) .
Polymerase chain reaction (PCR)
PCR amplification of the npt-II genes was done with the following specific primers F: 5'-GCATACGCTT-GATCCGGCTACC-3' and R: 5'-TGATATTCGGCA-AGCAGGCAT-3' for the npt-II gene. PCR amplification of the chromosomal virulance gene (chv) was performed with the following primers F: 5'-CGAACCGCTGTT-CGGCCTGTGG-3' and R: 5'-GTTCAGCAGGC-CGGCATCCTGG-3' for detection of Agrobacterium tumefaciens contamination in putative transgenic plants.
Standard PCR was performed in 2 μL containing 200 ng of DNA, 0.5 pmol of each primer, 0.25 μM dNTP, 1× PCR buffer, 2 mM MgCl 2 and 0.625 U of DreamTaq DNA polymerase (#0702 Thermo). PCR was performed in a programmable thermocycler (MJ Research) with the following conditions: 5 min at 95°C; followed by 36 cycles of denaturation for 1 min at 95°C, annealing for 1 min at 58°C, and extension for 1 min at 72°C; and finally extantion with 10 min at 72°C. Samples were then stored at 4°C. Amplified DNA was detected by using ultraviolet light after electrophoresis on 1% agarose/ethidium bromide gels using 1× Tris-borate-EDTA as running buffer.
Observations
At the end of the culture, regeneration percentage, shoot number per explant, the highest shoot length in explant, total number of shoots growing in Petri dish, number of plantlet transferred to soil, the number of plant growing in soil, and PCR (+) plant number and transformation efficiency were determined.
Confirmation of Transferred Genes in Plants
The confirmation of gene transfer was performed by PCR method. According to Dellaporta et al. (6) ; genomic DNA was isolated from fresh leaf tissues in the PCR method. Leaf samples were taken from plants obtained by growing plantlets in vases, previously grown in tissue culture, and thus bacterial-arising contamination risk was reduced. Also, the existence of chv virulence gene included in the chromosome of Agrobacterum tumefaciens was investigated by means of primary, using the protocol, reported by Yang et al. (7) to be available in the samples taken during the PCR reaction. If the band belonging to the gene wasn't seen in gel, it was understood that there was no bacterial contamination. Afterwards, the genes, transferred by using transferred gene-specific primers, were reproduced in appropriate PCR conditions. Negative (plants without gene transfer) and positive (plasmid DNA) control were also used in the study. After PCR, the reactions were analyzed by loading to agarose gel.
Statistical Analysis
Five replicates were tested. Petri dishes (100 x 10 mm) containing 20 explants. One-way Analysis of Variance (ANOVA) was used to test the effect of e3xplant position on transformation efficiency. All experiments were repeated two times. Data were statistically analyzed by "SPSS for Windows" computer program. Duncan's multiple range test was used to compare the means. Data presented in percentages were subjected to arcsine ( X ) transformation before statistical analysis (8) .
RESULTS AND DISCUSSION
The most commonly used vector for gene transfer in plants is the bacteria Agrobacterium tumefaciens. A.tumefaciens is known as a "natural genetic engineer of plants" due to this trait (9) . The Agrobacterium-mediated transformation method has been a widely used gene transfer method. The advantages of the method are a wide range of host plants, including agronomically and horticulturally important crops such as soybean, cotton, rice, wheat, flowers and various trees (10) and being able to transfer a small number of copies of the T-DNA (transfer-DNA) into the cytoplasm, resulting in stable integration into the plant chromosomes. Although it has merits over other transformation methods like particle bombardment, electroporation and silicon carbide fibers, it is still hard to achieve a high transformation efficiency and gene expression using this method.
In order to have greater success in gene transformation, the shoot regeneration -and especially the number of regenerated shoots per explant -must be high. But, the greatest problem in gene transformation studies using Agrobacterium tumefaciens is that transgenic shoot frequency is low due to the defense mechanism developed by plants against pathogenic attack. Therefore, alternative methods should be developed in order to obtain high transgenic shoot and plant frequencies in gene transformation studies. When Agrobacterium tumefaciens, a pathogen, has carried out an attack, the plant tries to resist this attack and activates its defense mechanism, and it tries to get over it with minimum loss. The regeneration capacity of plant tissues considerably decreases after an Agrobacterium tumefaciens infection due to the plant's defense mechanism. For this reason, it is a tremendous success to increase gene transfer frequency by even 1%. To increase gene transfer frequency, changes in parameters such as bacterial density and duration of inoculation are made. Vacuum infiltration is a method applied to increase the transgenic shoot frequency, and it allows bacteria to reach more cells with negative atmospheric pressure created in the tissue, and thus, it is aimed to increase the number of gene transferred cells and shoots. Different applications of the inoculation method can significantly increase transgenic shoot frequency.
Flax regenerates easily from hypocotyl segments under in vitro conditions (11, 12, 13, 14, 15) . However, the recovery of transgenic flax plants (13, 16) . When hypocotyl segments were directly inoculated, transgenic shoot frequency was extremely low due to the plant's defense mechanism caused by the pathogenic attack by the Agrobacterium infection (17) .
In their study, Beyaz et al. (5) compared the routinely used inoculation method -involving the transfer of hypocotyl explants of flax (Linum usitatissimum L.) to cocultivated medium after being inoculated with the bacteria for a certain period of time -with a new inoculation method. In the newly described inoculation method, 7-day-old sterile flax seedlings containing cotyledon leaves were dried in an air flow within a sterile cabin for 35 minutes. The reason why 7-day-old seedlings with cotyledon leaves were dried with an air flow in a sterile cabin was to increase the osmotic pressure of the seedlings so that the bacterial solution was drawn to the inner cells during the inoculation phase. This increases the number of cells to which the gene was transferred and consequently improves the transgenic shoot frequency. In this method, the dried flax seedlings with cotyledon leaves were inoculated with 500 μl of bacterial solution added to the liquid regeneration medium for 20 minutes. Then, hypocotyl explants isolated from inoculated seedlings were transferred to co-cultivated medium for 2 days, and were then cultured for regeneration in selected medium containing antibiotics for 4 weeks. At the end of the study, the best results for all parameters examined were obtained from the newly described inoculation method -based on inoculation of 7-day-old sterile seedlings having cotyledon leaves without a root system and dried in a sterile cabin for 35 minutes.
The highest results of all the characters examined were obtained from hypocotyl explants taken from the region 1, while the worst results were recorded from the explants taken from region 3. This is probably because the bacterial flow into hypocotyl region 3 was lower than that of region 1. Region 1 was directly in contact with the inoculation environment and gene transition to the cells in this region was higher ( Table 1 ). The regeneration percentage was recorded as 96.65 in region 1, while it was only 5.00 in region 3. The shoot number per explant, the highest shoot length, total shoot number per Petri dish, number of plantlet transferred to soil, plant number growing in soil and PCR (+) plant number were recorded as 1.65, 4.46 cm, 31.66, 31.00, 31.00 and 29.00 in region 1, while 1.00, 0.32 cm, 1.00, 1.00, 0.00 and 0.00 in region 3, respectively (Table 1) . Thirty-one of the plantlets growing from the hypocotyl explant taken from region 1 were transferred into soil; all of them grew and generated plants, and the PCR (+) plant number was determined to be 29 (Figure 2 ). Six plantlets taken from region no 2,were transferred into soil; all of them grew and the PCR (+) plant number was determined to be 4 ( Figure 3 ). Only 1 plantlet, which was taken from the region 3, was transferred to soil, but no plants grew at all. Transformation efficiency was obtained as 93.54% in hypocotyl region 1 while it was 66.66 in region 2.
In the study conducted by Beyaz et al. (5) , the mean transformation efficiency was reported to be 30.45% in the routine inoculation method in which hypocotyl explants excised from 7-day-old sterile flax seedlings were directly inoculated with a 500 μL bacterial solution for 20 minutes. In the newly described inoculation method, the highest mean transformation efficiency was found to be 84.19%. In our study, we used the same inoculation method developed by Beyaz et al. (5) . In addition to this protocol, different positions of the hypocotyl region from 7-day-old sterile seedlings were used. That was why the transformation efficiency in our study (93.54%) was found to be higher than the 84.19% in the study by Beyaz et al. (5) .
The presence of the chv gene was checked through the analysis performed to determine bacterial contamination, and accordingly, it was confirmed that bacterial contamination didn't exist in any plants developed from the hypocotyl explants taken from regions 1 and 2; in other words, all the plants were transgenic.
CONCLUSIONS
Agrobacterium tumefaciens, as a plant pathogen, has been widely used for the introduction of foreign genes into plants and the consequent regeneration of transgenic plants. The success of genetic transformation via Agrobacterium tumefaciens is limited due to the fact that the plant's defence mechanism will be actived when the pathogen attacks. That is why manipulations of the plant, bacteria and physical conditions have been applied to increase the virulence of the bacteria and to increase the transformation efficiency. This study showed that not only the explant type but also the position the explant was excised from is very important in gene transfer via Agrobacterium tumefaciens. 
